Biomedical optical systems and models can be easily validated by the use of tissue-simulating phantoms. They can consist of water-based turbid media which often include inks (India ink and molecular dyes) as absorbers. Optical stability of commonly exploited inks under the influence of light, pH changes and the addition of TiO 2 and surfactant, was studied. We found that the exposure to ultraviolet and visible light can crucially affect the absorption properties of molecular dyes. On average, absorption peaks decreased by 47.3% in 150 exposure hours. Furthermore, dilution can affect ink's pH and by that, its decay rate under light exposure. When TiO 2 was added to the phantoms, all molecular dyes decayed rapidly. Photocatalytic nature of TiO 2 can be partially avoided by selecting TiO 2 with surface and crystal structure modification. Surfactant, normally present in the phantoms with polystyrene spheres, can cause absorption peak shifts up to 20 nm and amplitude changes of 29.6%. Therefore, it is crucial to test the optical stability of inks in the presented manner before their exploitation in water-based phantoms.
INTRODUCTION
Tissue-simulating phantoms are indispensable for the field of biomedical optics since they serve as a substitute for biological tissues by mimicking their optical 1, 2 and mechanical 3 properties. They empower a quick, cheap and reliable validation of new light-propagation models and system designs in optical spectroscopy or imaging. In order to do so, the phantoms have to provide desired optical properties regarding absorption (µ a ) and scattering coefficients (µ s ). This can be achieved by adding desired amounts of absorbers and scatterers into phantom matrixes (e.g., water, gelatin, and silicone).
When it comes to the water-based turbid phantoms, polystyrene microspheres 4, 5 or TiO 2 6 are often employed as scatterers. On the other hand, absorption properties can be manipulated by exploiting various inks. Among these, India ink is common 7 since it is chemically and optically stable 8 . However, India ink also scatters light and therefore, it cannot be treated as a pure absorber 9 . To overcome this limitation, molecular dyes are employed instead. Some studies reported using Methylene Blue 10 , Evans Blue 5 and various blue, green and red fountain pen inks [11] [12] [13] [14] .
The selection between India ink and molecular dyes is usually governed by the study purpose and environment. For example, if fluorescence should be avoided and chemical and spectroscopic stability is needed, India ink prevails. Additionally, it can be used for solid phantoms since diffusion through the gel or polymer matrix will not happen. However, the main disadvantage of India ink is the considerable scattering component. Thus, determining optical properties requires a measurement of the collimated transmittance, diffuse reflectance and diffuse transmittance. In contrast, molecular dyes require only a collimated transmittance measurement to determine their absorption coefficients.
Even though the absorbers above are widely applied, their stability has been studied minimally. When it comes to the absorbers, Ninni et al. 8 showed that the optical properties of India ink differ little between different batches and stay stable for several weeks. On the other hand, it was reported that printer inks could be affected by light, ozone, water, and heat 15 .
In this study, we present key findings on the optical stability of commonly exploited inks by simulating some of the typical situations in the preparation and employment of the tissue simulating water-based turbid phantoms in optical spectroscopy and imaging. Namely, popular molecular dyes and India ink were exposed to the influence of light, pH changes and to the addition of TiO2 and surfactant.
MATERIAL AND METHODS
During the study, the inks, listed in Table 1 , were exposed to ultraviolet (UV) and visible light, to changes in pH values and to the addition of TiO 2 and surfactant. It was shown that TiO 2 is a potentially photocatalytic scatterer which can destroy organic molecules via oxidation 16 . On the other hand, a surfactant is normally employed in the suspensions of polystyrene sphere in order to avoid flocculation.
According to the ink manipulation, samples were arranged into four groups:
1. Inks from original packing diluted with deionized water. 2. Inks from original packing diluted with a buffer, which corresponded to the original pH of the undiluted ink. Dilution factors (DFs) remained the same as in Group 1. pH values and buffer components are listed in Table 1. 3. Firstly, inks were prepared in the same manner as in Group 1 -they were diluted with deionized water. Additionally, TiO 2 (Sigma Aldrich, product number: 14027) was added at the concentration of 3.1 mg/100ml.
4. Firstly, inks were prepared in the same manner as in Group 1 -they were diluted with deionized water. Secondly, a nonionic surfactant (Sigma Aldrich, Tween®20, product number: 1379) was added. According to the manufacturer's recommendation, the dilution factor (DF) of the added surfactant was 1000. Additionally, we increased the surfactant concentration ten times (DF was 100). Samples diluted with deionized water from Group 1 were used in the study of light exposure influence. Samples diluted with the corresponding buffer from Group 2 were used to study the pH effect on inks' optical stability. Samples from Group 3 were used to investigate the photocatalytic nature of TiO 2 . Finally, samples from Group 4 were studied for the influence of surfactant on ink optical properties.
After the ink preparation, each sample in Groups 1, 2 and 3 was split into four cuvettes. Two cuvettes were kept in darkness during the whole study, representing control samples. The other two cuvettes were exposed to the UV and visible light. On the other hand, each sample in Group 4 was split into two cuvettes. Group 4 samples were not exposed to light since all samples were studied directly after the surfactant addition. All samples were kept in an air-conditioned room, so the temperature was stable during the whole 150 hours. However, sample temperature was not recorded.
Samples from Groups 1, 2 and 3 were exposed to UV (irradiance: 3.28 W/m2) and visible light (irradiance: 10.87 W/m2) provided by the fluorescent lamps (Actinic BL TL TL-D 18W/10 1SL/25 and Master TL-D 90 Graphica 18W/965 SLV/10, Philips, The Netherlands), mimicking the spectrum of solar radiation at the sea level. The transmittance measurements were performed immediately after the dilution (at time t 0 ) and after 2 (t 1 ), 25 (t 2 ), 50 (t 3 ) and 150 hours (t 4 ) of the UV and visible light exposure. In order to assure measurements with an adequate signal-to-noise ratio when using 1-cm optical path length PMMA cuvettes (Poly(methyl methacrylate) UV Makro, Ref. 2722110, Ratiolab, Germany), ink volume fractions were selected in a manner that the maximal absorption coefficient (μ a ) reached values of around 1.5 cm -1 (in Groups 1, 2 and 4). Samples with higher absorption coefficients of 10 and 100 cm -1 were obtained by taking into account the ink concentration needed for the absorption coefficient of 1 cm -1 , which could be measured using the 1-cm optical path length cuvettes. Subsequently, by increasing the ink concentration for 10-and 100-times, higher absorption coefficients of 10 and 100 cm -1 were achieved. With samples in Group 3, the total attenuation coefficient was around 2.0 cm -1 due to the addition of TiO 2 . Since TiO 2 was slowly sedimenting during the experiment, the samples had to be shaken to ensure a homogeneous distribution of TiO 2 .
The sample transmittance between 400 and 700 nm was acquired by a spectrometer (AvaSpec-2048-TEC-FT, 177 to 1098 nm, Avantes, The Netherlands). A broadband halogen light source (AvaLight-Hal LS, Avantes) was employed. The irradiances of the fluorescent lamps were estimated by a spectroradiometer Jeti Specboc 1200 (Jeti Technische Instrumente, Germany). The sample pH was measured by a pH meter (HI98130, Hanna Instruments, USA). Since most of the samples were purely absorbing, the transmittance was converted to the absorbance (A) and subsequently to the absorption coefficient μ a . For each measurement at time t, t ∈ {t 0 −t 4 }, we defined a so-called normalized absorption peak μ a,norm (t) where a dominant absorption peak of each ink was normalized by its initial value, obtained at the beginning of the experiment (t 0 ).
To estimate the evaporation of water from the cuvettes during the experiment, the mass of the samples at the beginning (m 0 ) and the end of the experiment (m 4 ) was measured. Since the average mass loss in 150 hours was 3.17%, the absorption coefficient measurements were corrected, linearly with the elapsed time (t):
(1)
RESULTS AND DISCUSSION

Light exposure
The timecourse of the normalized absorption peaks μ a,norm of the samples in Group 1 is presented in Table 2 and Fig.  1(a) . The results show that UV and visible light can crucially affect the absorption properties of inks, diluted by deionized water. Red inks (Inks 1 and 5) proved to be very sensitive to light. Merely in one day, both inks lost more than 80% of their absorption capability. At the end of the exposure, inks were completely decomposed (i.e., a normalized absorption peak was 0.4% and 0.3% for Ink 1 and 5, respectively). Figure 1(b) presents the timecourse of the absorption spectra of Ink 1. It is very likely that the energy of UV and visible light photons initiates various photochemical reactions which affect colored molecules or colorless ink additives 17 . This leads to compounds which are colorless or have different optical properties. On the other hand, Inks 3, 6 and 7 remained optically stable during the whole experiment ( Fig. 1(a) ).
Moreover, we observed that diluting inks with deionized water alone can affect their optical properties through time.
Most of the inks in the control group, which were not exposed to the light, exhibited a decrease in the normalized absorption peak for a few percentage points (up to 5.3 pp). However, Pelikan inks (Inks 4 and 5) exhibited even bigger sensitivity since the absorption peak decreased by up to 24.9%. In this study, relatively low ink concentrations were used in order to assure measurements with an adequate signal-tonoise ratio. Nevertheless, the values of the absorption coefficient were around 1.5 cm -1 which are in line with the values, observed in human skin 18 . Since some studies showed that skin could also exhibit much higher absorption coefficients, i.e., up to 6 cm -1 in visible and 22 cm -1 in NIR wavelength range 18 , we additionally increased the ink concentrations for Inks 1 and 2. Samples with absorption coefficients of 1, 10 and 100 cm -1 were prepared and exposed to the UV and visible light in the same manner as samples in Group 1.
The results proved that concentrated ink is more resistant to the destructive effects of light. When dilution factor DF was 100 times smaller, the decay rate of eosin (Ink 1) was much slower. The improvements in the normalized absorption peaks (μ a,norm ) of Ink 1, comparing to the data in Table 2 , were 7.2 percentage points (pp), 13.9 pp, 12.0 pp and 3.4 pp for measurements taken after 2 (t 1 ), 25 (t 2 ), 50 (t 3 ) and 150 hours (t 4 ), respectively. For example, the normalized absorption peak of highly concentrated ink was 14.6% after 50 hours (at the time t 3 ), what is almost the value of the absorption peak of the original ink dilution after one-day exposure (at the time t 2 ).
The similar phenomenon was noticed for Methylene Blue (Ink 2) which even proved to be optically stable during most of the experiment. First signs of the ink decay appeared after 150 exposure hours (t 4 ). On the other hand, original ink dilution started decaying immediately after the first exposure to the light. The improvements in the normalized absorption peaks (μ a,norm ) of Ink 2 with 10 times lower dilution comparing to the data in Table 2 were 3.8 pp, 10.3 pp, 21.9 pp and 34.5 pp for measurements taken after 2 (t 1 ), 25 (t 2 ), 50 (t 3 ) and 150 hours (t 4 ), respectively. When Ink 2 had 100 times lower dilution, the improvements in the normalized absorption peaks (μ a,norm ) were 3.8 pp, 18.1 pp, 34.2 pp and 67.6 pp for measurements taken after 2 (t 1 ), 25 (t 2 ), 50 (t 3 ) and 150 hours (t 4 ), respectively.
The reason for higher optical stability is because higher ink concentrations attenuate the light and thus reduce the density of photons that reach ink molecules in the center of a cuvette. This way, ink decays much slower in the sample center than on the sample surface. The phenomenon above of slower decay of highly concentrated inks can also be related to pH changes which were less significant in the case of lower ink dilutions (i.e., higher ink volume fraction). The contribution of pH change will be discussed in the following section.
pH changes
pH can affect the structure and therefore, also the optical properties of many organic molecules, including molecular dyes 19 . Since dilution with water can change sample pH value 20 , we expected that inks, diluted with the corresponding buffers (Group 2), would exhibit better stability in the pH-preserved environment. However, in comparison with Group 1 (Table 2) , preserving original ink's pH does not generally guarantee a beneficial effect on the ink optical stability (Table 3) . For selected inks, Fig. 2 shows the differences in the timecourse of the normalized absorption peaks when inks were diluted with deionized water (Group 1) or pH-preserving buffer (Group 2). For Inks 2, 6 and 7, the decay rate under UV and visible light exposure was slower if the dilution was done with deionized water. On the other hand, Ink 4 exhibited better stability (up to 35.7 percentage points) when diluted with the corresponding buffer. For other inks, no significant change in the decay rate was noticed. Figure 2 . The timecourse of the difference between the normalized absorption peaks (μ a,norm ) of Inks 2, 4, 6 and 7, diluted with deionized water or buffer.
In the previous Section ("Light exposure"), we have observed that the control samples which were not exposed to light, still exhibited some decrease in the normalized absorption peaks. This is especially true for Inks 4 and 5. It seems that in the case of Ink 4, the stability was significantly improved when the ink was diluted with a buffer. The normalized absorption peak showed almost no decline within the 150 exposure hours, while the normalized absorption peak dropped by 24.9% when the ink was diluted by deionized water. As shown in Table 1 , Ink 4 is very acidic (pH = 2.8) and diluting the sample with deionized water increases its pH above 5.4, what can cause ink degradation.
Comparing samples from Groups 1 and 2 has revealed another fact -some inks are composed of two dye types which are differently sensitive to light (Fig. 3) . For example, when Ink 2 was diluted with deionized water and exposed to light, absorbance decreased evenly across the whole spectrum ( Fig. 3(a) ). However, when the samples were diluted in the corresponding buffer, a dye which mostly absorbs red light, decayed much faster what resulted in a shift of the dominant absorption peak (Fig. 3(b) ). The nature of diluent (water or buffer) can affect the pH and thereby many physical and chemical properties of inks. For example, the initial pH of Methylene Blue (Ink 2) solutions prepared in deionized water, was shifted to 7.1. The samples prepared in a suitable buffer solution, however, retained the original pH of 5.4. It is expected that ionized structure of the cationic dyes like Methylene Blue observed in acidic pH becomes neutral upon pH increment. It is, thus, expected that the samples diluted in deionized water might contain more cationic molecules than the ones prepared in the buffer.
On the other hand, anionic dyes like brilliant red (Ink 5) tend to be ionized in higher alkaline pH. Hence, the pH difference of samples diluted in deionized water (pH = 5.9) and corresponding buffer (pH = 8.3) likely results in the existence of neutral and ionized dye molecules in samples diluted in water and buffer, respectively. Although a detailed investigation on the chemical nature of various inks concerning pH, is beyond the scope of this study, it is highly possible that the stability of neutral/ionic structures of various ink molecules towards light irradiation might be different. Hence, the significantly different ink degradation in the case of samples prepared in deionized water or corresponding buffer solutions is highly anticipated.
TiO 2 effects
The timecourse of the normalized absorption peaks of the samples in Group 3 is presented in Table 4 . We can see that introducing TiO 2 to the phantoms and subsequently exposing them to UV and visible light, is highly destructive to inks. While India ink exhibited limited changes, the absorption peaks of molecular dyes decreased significantly. On average, the absorption peak decreased by 38.7% after only two hours (t 1 ) of light exposure (28.3 Wh/m 2 ). At the end of the experiment (t 4 ), the absorption peaks were lower for 83.4%, meaning that the molecular dyes decayed completely. Furthermore, the absorption peaks of the samples, kept in darkness (control group), decreased on average by 11.1%, which is slightly more than the decrease in control samples of Groups 1 and 2 (7.2% and 5.2%, respectively). We assume that the phenomenon partially occurred because the samples were exposed to the halogen lamp light during the transmission acquisition. Another explanation for the phenomenon can be found in the adsorption of dye the molecules on TiO 2 surface 21 what leads to lower concentration of ink in the solution. To exclude the influence of agglomeration, we exposed a suspension of TiO 2 without inks to UV and visible light. After 150 hours, no change in transmittance was noticed. According to internal studies on scattering properties, modified TiO 2 consisted out of much smaller particles than TiO 2 powder used before. Optically, this resulted in scattering, which is stronger dependent on the wavelength (e.g., Rayleigh scattering).
This resulted in an evident increase in their optical stability (Fig. 4) . For example, after 25 hours (t 2 ), the absorption peak of Ink 6 decreased by 93.3% when the ink was used in conjunction with the original TiO 2 , while it only decreased by 18.4% when used in conjunction with the modified TiO 2 . What is more, when exploiting TiO 2 nanoparticles, there were also fewer problems with particle sedimentation. On the other hand, an agglomeration of nanoparticles happened in some cases. 
Surfactant effects
A surfactant is often added to the phantoms with polystyrene spheres to prevent flocculation. According to the manufacturer's recommendations, we added 0.1% of the surfactant to the samples in Group 4. Additionally, we increased surfactant volume fraction to 1.0%. Results show that a surfactant can affect inks by changing their absorption peak wavelength ( Fig. 5(a) ) and absorption peak amplitude (Fig. 5(b) ). Mean absorption peak shift was 9.1 nm and 10.5 nm when the surfactant volume fraction was 0.1% and 1.0%, respectively. Inks 1 and 5 were especially sensitive since adding surfactant resulted in absorption peak shift of around 20 nm (Fig. 6(a) ). On the other hand, the surfactant substantially affected absorption peak amplitude of inks 1 and 4 (up to 29.6%, Fig. 6(b) ). In our study, we have used a nonionic surfactant which can initiate binding interactions with anionic dye molecules (e.g., Inks 1 and 5) what leads to absorption peak shifts and amplitude changes 22 . In contrast, nonionic surfactants do not have an impact on cationic dyes 23 , what was also proved for Methylene Blue (Ink 2). In order to rule out refractive index changes due to the added surfactant, we measured the difference in transmittance between deionized water and a sample that in addition to the deionized water also contained 1% surfactant. We observed no significant differences in transmittance between the two cases, which would suggest that the refractive index mismatch in the cuvette is the same in both cases. 
CONCLUSION
In conclusion, inks (India ink and molecular dyes) can be affected by many factors such as light, pH, TiO 2, and surfactant. India ink (Ink 3) exhibited the highest optical stability what is in agreement with the study of Ninni et al. 8 . Molecular dyes performed worse; however, green ink (Ink 6) still achieved satisfactory results. The light exposure and the surfactant did not have any impact on the green ink, and the changes due to the exposure to pH and TiO 2 were moderate. On the other hand, especially red inks (Inks 1 and 5) were optically very unstable since their optical properties changed significantly when exposed to light, TiO 2, and the surfactant. Finally, this study showed that it is crucial to test the ink's stability before its exploitation in the water-based phantoms.
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